For efficient analysis and characterization of biological ice nuclei under immersion 14 freezing conditions, we developed a Twin-plate Ice Nucleation Assay (TINA) for high-15 throughput droplet freezing experiments, in which the temperature gradient and freezing of 16 each droplet is tracked by an infrared detector. In the fully automated setup, a couple of 17 independently cooled aluminum blocks carrying two 96-well plates and two 384-well plates, 18
aluminum blocks carrying two 96-well and two 384-well plastic plates, respectively, are 72 available to study ice nucleation and freezing events in nearly 1000 microliter range droplets 73 simultaneously. A cooling system with two refrigerant circulation loops is used for high-74
precision temperature control (deviations <0.5 K), enabling measurements over a wide range 75 of temperatures (~233-270 K (~ -50 °C to -3 °C)) at variable cooling rates (up to 10 K min -1 76 and more). The instrument was developed in the course of the INUIT project over the last three 77 years, in which it has been presented and discussed at several conferences and workshops 78 sample holder blocks can be operated in parallel and independently from each other due to the 106 usage of two self-developed mixing valves and cooling loops (Fig. 2) . This allows either the 107 cooling of two different droplet freezing assays at the same time, or the observation of 960 108 droplets in one experiment. The mixing of a cold and a warm loop of cooling liquid for each 109 block enables a fast and precise adjustment of the sample holder block temperatures without 110 being dependent on the cooling rate of the refrigeration bath circulator itself. In each 111 experiment, the refrigeration bath circulator is cooled down 5 K below the coldest temperature, 112 which is projected for the experiment, while no mixing of warm and cold cooling liquid occurs. 113
By changing the position of the mixing valves for a defined period of time, cold and warm 114 cooling liquids are mixed together, so that the desired temperatures within the two blocks are 115 reached. Two pumps (VPP-655 PWM Single Version, Alphacool International GmbH, 116
Braunschweig, Germany) ensure the continuous circulation of cooling liquid through each 117 block independently from the position of the mixing valves. Figure 3 Software analysis uses a grid of 96 and 384 points, respectively, where the grid point is set to 154 the center of each well enabling to fit the dimensions of each plate under different perspective 155 angles. The temperature gradient is tracked for each well during the experiment. A self-written 156 algorithm detects a local maximum shortly followed by a local minimum in the derivative of 157 the temperature profile, which is caused by the release of latent heat during freezing. The 158 software exports the data for each droplet in CSV format. 159 160
Data analysis 161
Assuming ice nucleation as a time-independent (singular) process, the concentration of IN (nm) 162 active at a certain temperature (T) per unit mass of material is given by Eq. (1) (Vali, 1971a) . (1) 164
where fice is the fraction of frozen droplets at a particular temperature, Vdrop the droplet volume, 165 m the mass of the particles in the initial suspension, and d the dilution factor of the droplets 166 relative to m. To simplify data analysis, freezing events were merged in 0.1 K bins. For background measurements, 3 µL aliquots of autoclaved and filtered pure water were 181 pipetted into 96-well plates (Axon Labortechnik, Kaiserslautern, Germany) and 384-well plates 182 (Eppendorf), respectively, by a liquid handling station. Therefore, four (96-well plate) and eight 183 (384-well plate) different water samples were pipetted column-wise distributed into the plates. 184
In total, six columns per sample were apportioned over the two twin-plates, i.e., 48 droplets per 185 sample in 96-well plates, and 96 droplets per sample in 384-well plates. The plates were placed 186 in the sample holder blocks and were cooled down quickly to 273 K (0 °C), and, as soon as the 187 temperature was stable for one minute, in a continuous cooling rate of 1 K min -1 further down 188 to 238 K (-35 °C). 189
As the phase transition from liquid water to ice is kinetically hindered, supercooled 190 water can stay liquid at temperatures down to 235 K (-38 °C), where homogeneous ice 191 nucleation takes place. This is only true for nanometer-sized droplets because the freezing 192 temperature is dependent on droplet volume and cooling rate, and the classical nucleation surfaces free of contaminants is difficult, so that the temperature limit below which freezing 203 cannot be traced back to heterogeneous IN needs to be determined individually for each setup. 204
Our results show that most pure water droplets froze around 247 K (-26 °C) in 96-well 205 plates ( Fig. 5a ) and around 244 K (-29 °C) in 384-well plates (Fig. 5b ), respectively. This Snomax ® was obtained from SMI Snow Makers AG (Thun, Switzerland), and a stock 219 solution was prepared in pure water with an initial mass concentration of 1 mg mL -1 . This 220 suspension was then serially diluted 10-fold with pure water by the liquid handling station. The 221
resulting Snomax ® concentrations varied between 1 mg mL -1 and 0.1 ng mL -1 , equivalent to a 222 total mass of Snomax ® between 3 µg and 0.3 pg, respectively, per 3 µL droplet. 223
Each dilution was pipetted column-wise distributed over the twin-plates as described 224 before in 96 droplets into 384-well plates by the liquid handling station. Two plates at a time 225
were placed inside the 384-well sample holder block, and the plates were cooled down quickly 226 to 273 K (0 °C), and, as soon as the temperature was stable for one minute, in a continuous 227 cooling rate of 1 K min -1 further down to 253 K (-20 °C). 228
Three independent experiments with Snomax ® show reproducible results ( Fig. S1 ). 229
Therefore, droplets of the same dilution were added to a total droplet number of 288 ( Fig. 6a) . 
Ozonized and nitrated samples 254
To study the effect of O3 and NO2 exposure on the IN activity of Snomax ® , an aliquot of 1 mL 255 of a 1 mg mL -1 suspension of Snomax ® in pure water was exposed in liquid phase to gases with 256 or without O3 and NO2 as described in Liu et al. (2017) . A dilution series of the treated samples 257 was measured as described for the Snomax ® reference measurements. Filters were cut with a sterilized scissor into aliquots (~1/16), and the exact percentage 280 was determined gravimetrically. For reproducibility, aerosol and blank filter sample aliquots of 281 each filter were extracted. Each filter sample aliquot was transferred into a sterile 50 mL tube 282 (Greiner Bio One, Kremsmünster, Austria), and 10 mL of pure water was added. The tubes 283
were shaken horizontally at 200 rpm for 15 min. Afterwards, the filter was removed, and the 284 aqueous extract was tested for IN activity. To further characterize the IN, the effects of filtration 285 and heat treatment were investigated. Therefore, aliquots of the extract were treated as follows: 286 (i) 1 h at 371 K (98 °C), (ii) filtration through a 5 µm pore diameter filter (Acrodisc, PES, Pall, 287
Germany), (iii) filtration through a 5 µm and a 0.1 µm pore diameter filter (Acrodisc). 288
Each solution (96 aliquots of 3 µL) was pipetted column-wise into 384-well plates by 289 the liquid handling station. The plates were cooled down quickly to 273 K (0 °C), and, as soon 290 as the temperature was stable for one minute, in a continuous cooling rate of 1 K min -1 further 291 down to 243 K (-30 °C). 292
Each solution of the two aliquots of each filter was measured separately, and droplets 293 of the same solution were added to a total droplet number of 192 (2 x 96 droplets) ( Fig. S3 ). 294
For better clearness, data of different dilutions were averaged for each treatment (Fig. 8) . The results of both, the untreated and the heated filter extracts, showed a few outliers. 315
These were probably caused by single large particles or aggregates larger than 5 µm, which 316 were statistically distributed over the different dilutions. These particles nucleated at warmer 317 subfreezing temperatures than the other IN within a dilution, so they are overestimated due to 318 their efficient nucleation. This hypothesis is supported by the fact that the filtered filter extracts 319 did not contain any outliers. 320 321
Conclusions 322
The new high-throughput droplet freezing assay TINA was introduced to study heterogeneous 323 ice nucleation of microliter range droplets in the immersion mode. TINA provides the analysis 324 of 960 droplets simultaneously or 192 and 768 droplets in two independent experiments at the 325 same time, enabling the analysis of many samples with high statistics in a short period of time. 
